Introduction
mortality rates are as follows: current tax increase, −3.2%; value-based tax, −2.9%; strength-based tax, −6.1%; minimum unit pricing, −7.8%) and lesser impacts among drinkers in professional/managerial occupations (for heavy drinkers: current tax increase, −1.3%; value-based tax, −1.4%; strength-based tax, +0.2%; minimum unit pricing, +0.8%).
Results from the PSA give slightly greater mean effects for both the routine/manual (current tax increase, −3.6% [95% uncertainty interval (UI) −6.1%, −0.6%]; value-based tax, −3.3% [UI −5.1%, −1.7%]; strength-based tax, −7.5% [UI −13.7%, −3.9%]; minimum unit pricing, −10.3% [UI −10.3%, −7.0%]) and professional/managerial occupation groups (current tax increase, −1.8% [UI −4.7%, +1.6%]; value-based tax, −1.9% [UI −3.6%, +0.4%]; strengthbased tax, −0.8% [UI −6.9%, +4.0%]; minimum unit pricing, −0.7% [UI −5.6%, +3.6%]). Impacts of price changes on moderate drinkers were small regardless of income or socioeconomic group. Analysis of uncertainty shows that the relative effectiveness of the four policies is fairly stable, although uncertainty in the absolute scale of effects exists. Volumetric taxation and minimum unit pricing consistently outperform increasing the current tax or adding an ad valorem tax in terms of reducing mortality among the heaviest drinkers and reducing alcohol-related health inequalities (e.g., in the routine/manual occupation group, volumetric taxation reduces deaths more than increasing the current tax in 26 out of 30 probabilistic runs, minimum unit pricing reduces deaths more than volumetric tax in 21 out of 30 runs, and minimum unit pricing reduces deaths more than increasing the current tax in 30 out of 30 runs). Study limitations include reducing model complexity by not considering a largely ineffective ban on below-tax alcohol sales, special duty rates covering only small shares of the market, and the impact of tax fraud or retailer non-compliance with minimum unit prices.
Introduction
Harmful alcohol consumption is a major public health issue accounting for an estimated 2.7 million deaths globally, and, together with high blood pressure, smoking, air pollution, and unhealthy diet, it is ranked among the five leading contributors to the global burden of disease [1] . Estimates of the economic costs attributable to alcohol amount to more than 1% of gross domestic product in high-income and middle-income countries [2] . There is also a substantial social gradient in the burden of disease attributable to alcohol, such that it is disproportionately concentrated in disadvantaged groups. Thus, the most effective public policies to reduce alcohol harm are likely to reduce persistent and growing disparities in health, a major goal of population health policies in developed countries [3, 4] .
Links between alcohol price increases and reductions in consumption [5] [6] [7] , alcohol-related mortality [8] , and healthcare costs [9, 10] are well established. Consequently, the World Health Organization (WHO) recommends alcohol taxation as amongst the most cost-effective options for tackling alcohol-related ill health [10] . Of 167 countries responding to a WHO survey in 2010, 154 collected some form of alcohol taxes [11] , although the way these taxes were calculated differs markedly between countries and states. Three dominant tax structures are used internationally, either singly or in combination: (1) ad valorem tax (proportionate to product value), a component of alcohol taxes in 96 countries; (2) volumetric tax (based on product strength/ethanol content), a tax component in 50 countries and (3) unitary tax (based on product volume), a tax component in 41 countries [11] . Examples of tax structures are given in Box 1.
Several countries employ or are considering additional price-based alcohol control measures alongside taxation. In particular, an alcohol-content-based minimum price (or floor price) below which products cannot be sold is in force in parts of Canada and the Russian Federation and has been proposed in Ireland, the UK, Switzerland, New Zealand, and Australia.
Differential effects of alcohol pricing policies across socioeconomic groups and the resulting impacts on health inequalities are of great importance to both the political and legal debate. Politically, the alcohol industry and policy opponents argue that alcohol taxation and minimum pricing "penalise" low-income moderate drinkers and are thus regressive and poorly targeted [12] . From a legal perspective, the comparative effectiveness of different price-based public health interventions across outcomes including health inequalities is a key issue in European law. The European Union Treaty of Rome permits distortions of free trade resulting from new price-based public health interventions where, in achieving their aims, these interventions lead to additional advantages or fewer disadvantages to either public health or free trade than would result from using pre-existing interventions such as taxation [13] . Arguments on this point lie at the centre of the ongoing legal dispute between the Scottish Government and the Scotch Whisky Association over minimum unit pricing (setting a minimum price per UK alcohol unit [8 g of pure ethanol]) and have relevance in Ireland, where minimum unit pricing is part of the Public Health (Alcohol) Bill 2015, and England, where the policy remains "under consideration". Empirical evidence comparing the effects of different alcohol pricing policies is currently lacking. While there is evidence about the equity implications of minimum unit pricing policies [14] , and recent evidence from a US state tax evaluation points to comparatively larger effects on the health of disadvantaged groups [15] , tax policy appraisals have to date focussed on government revenue, consumption changes, and consumer spending, without considering impacts on public health and health inequalities [16] [17] [18] [19] [20] [21] .
Using England 2014/2015 as a case study, this paper sets out to appraise the relative public health merits of minimum unit pricing and three of the most common tax structures globally. It will provide estimated effects on alcohol consumption, consumer spending, and alcoholattributable mortality for the whole adult population and for subgroups defined by consumption level and socioeconomic position.
Methods Overview
The Sheffield Alcohol Policy Model (SAPM), version 3, is a deterministic mathematical simulation model providing a comprehensive framework for appraising UK and international policy options [22] . It comprises an individual-based econometric component that estimates how price changes affect individual-level alcohol consumption, and a cohort-based dynamic epidemiological component that estimates how consumption changes affect the morbidity, mortality, and economic costs associated with 43 alcohol-attributable conditions. A full description of the methodology and the data sources used is provided in S1 Appendix and S1 Data.
Current Tax System and Modelled Policies
We model four common alcohol taxation and price policy options (see Box 2), each implemented on top of the current system of excise duty and value added tax (VAT) in England [23] . In England, duty rates for wine and cider are charged per hectolitre of product (not linked to alcoholic strength); beer, spirits, and spirits-based alcopops are taxed by ethanol volume. Final prices paid by consumers at the till include a 20% VAT, which is levied on all non-exempt products and services and therefore not specific to alcohol. Special rates for very low strength (2.8% alcohol by volume [ABV]) and high strength (>7.5% ABV) beers and ciders were not modelled, as their market share is very small [24] .
The focus of this paper is the differential effects of the four policies on population subgroups defined by drinking level and income (for purchasing and consumption analyses) or socioeconomic group (for health and health inequalities analyses; see below for more detail). As each policy can be applied at different levels (e.g., higher or lower taxation/minimum unit price), a uniform level needs to be identified to allow a valid comparison across policies. For political relevance, we chose the level of each policy that would achieve a 4.3% reduction in populationlevel mortality as this is the estimated impact of a £0.50 minimum unit price. This level of minimum unit pricing is a policy that is being considered or in the process of implementation by all four UK governments, and a key political and legal question is whether existing tax powers can achieve comparable effects. drink beverages are included with spirits as the vast majority of ready-to-drink beverages sold in the UK fall within that category for taxation purposes.
To estimate the impact of tax changes on the price distribution of alcohol sold in England, three steps are taken. First, we calculate the change in price for every individual LCF purchase implied by the pricing policy. Second, we account for evidence from our previous analyses that alcohol tax rises are not always passed on fully to consumers, particularly on cheaper products, where part of the tax rise appears to be absorbed by retailers or their suppliers, a practice known as undershifting [26] . Finally, we use the revised prices to generate new price distributions for each beverage category and population subgroup.
Price to Consumption
Baseline consumption data. The 2012 Health Survey for England (HSE) [27] provides data on beverage-specific mean weekly and maximum daily alcohol consumption (consumption on heaviest drinking day in the survey week) for a nationally representative sample of 6,394 individuals. The data were used to represent baseline consumption preferences for 120 population subgroups defined by gender, age (16-24, 25-34, 35 -54 and 55+ y), consumption level based on the English drinking guidelines prior to their revision in January 2016 (see Tables 1 and 2) , and income (quintiles based on household income equivalised to account for
Box 2. Specification of the Modelled Policies
Current tax increase: Raise current alcohol duty for all beverage categories by 13.4%. Ad valorem tax: Introduce an additional 4.0% alcohol-specific sales tax on product value after duty at the time of purchase (at which point the standard 20% VAT is also charged on product (product value + ad valorem tax). Volumetric tax: Replace current excise duty with a duty of £0.22 per unit for all beverage types (UK unit = 8 g ethanol). Minimum unit pricing: Introduce a floor price of £0.50 per alcohol unit within the current tax system.
As implemented in the model
Basecase (current taxation): Price 0 = (net price for retailer + existing beverage-specific duty) × (100% + 20% VAT). Current tax increase: Price 1 = (net price for retailer + existing beverage-specific duty × [100% + 13.4%]) × (100% + 20% VAT). Ad valorem tax: Price 2 = (net price for retailer + existing beverage-specific duty) × (100% + 4.0%) × (100% + 20% VAT). Volumetric tax: Price 3 = (net price for retailer + £0.22 × number of alcohol units in product) × (100% + 20% VAT). Minimum unit pricing: Price 4 = maximum of Price 0 or (£0.50 × number of alcohol units in product). There is no change to any taxes in the rest of the supply chain, either at the production or wholesale stages.
household size and structure). The HSE does not separate consumption into off-and on-trade, and combines beer and cider, so each subgroup's distribution of purchasing across these categories in the LCF was used to apportion the corresponding subgroup's consumption in the HSE. Sensitivity analyses relating to this apportioning are reported elsewhere [14] .
Price elasticities. Price elasticities estimate how price changes in a product relate to purchasing changes of the same and of related products (e.g., after a beer price increase, beer consumption may decrease but spirits consumption may increase). Recently published UK population-level own-and cross-price elasticities for alcohol demand in the ten beverage categories were used to model the relationship between price and consumption changes [28] . Each subgroup in the population is therefore modelled as having a different overall alcohol price elasticity due to (1) each beverage category having different own-price and cross-price elasticities and (2) each subgroup having different proportions of their consumption within each beverage category. It is also worth noting that different subgroups also face different price changes due to variation in their purchasing preferences. Whilst the use of income-or consumptiongroup-specific elasticities may seem appealing, the inclusion of such factors violates the assumptions underlying the pseudo-panel methodology used to estimate the UK elasticities, and we have therefore moved away from producing and using such estimates. However, as reported in sensitivity analyses in the technical appendices of previous papers that used an alternative methodology for estimating elasticities [14, 29] , the use of such disaggregated elasticities did not change the direction of differences or overall conclusions.
To model policy effects on consumption, we use the revised price distributions to compute the average percentage change in price within each beverage category and population subgroup. We then apply the price elasticities to derive a percentage change in consumption for each beverage category and subgroup. Finally, we apply this percentage change in consumption to each individual within each subgroup, where subgroups are defined by age, gender, drinking level, and income quintile. We do not model transitions between drinking groups, so where we report on moderate drinkers, this refers to those meeting moderate drinking thresholds at baseline rather than those who may have decreased their drinking to moderate levels in response to policy. This does not, however, mean that their consumption is restricted to remain within the bounds of the definition of moderate drinking. Note that as we deal with relative changes, we 
Consumption to Harm
Having calculated changes in individual-level alcohol consumption over time, SAPM then aggregates the modelled population into cohorts defined by age, gender, consumption level, and socioeconomic group (three occupational groups: professional/managerial, intermediate, and routine/manual/unemployed). The model then uses separate risk functions for 43 alcohol-attributable diseases and injuries to model the impacts of consumption changes on alcohol harm within each cohort, including diseases (diabetes, ischaemic heart disease, and ischaemic stroke) where alcohol may have beneficial effects for some groups (see S1 Appendix, Section 8.1). For 14 chronic conditions partly attributable to alcohol (e.g., alcohol-related cancers), we used risk functions from recent high-quality meta-analyses (see S1 Appendix, Section 8.1). For nine partly attributable acute conditions (e.g., fall injuries), functions were estimated by linking measures of consumption frequency, average occasion-specific consumption, and consumption variability across occasions with injury risk [30, 31] . For ten chronic and seven acute conditions wholly attributable to alcohol (e.g., alcoholic liver disease, alcohol poisoning), we fitted linear functions relating average or maximum daily consumption to absolute numbers of cases reported (see S1 Appendix, Section 9.3.3).
The model operates in 1-y cycles: within each year the 43 risk functions are used to calculate the condition-specific alcohol-attributable mortality risk for individuals within each cohort given their consumption level. This risk is aggregated across all individuals in the cohort and compared to the baseline risk under pre-policy consumption levels, and the ratio between the two is used to adjust the baseline mortality rate and estimate the corresponding number of deaths for that cohort and condition in that year. Baseline population demographics and allcause mortality rates (used to estimate background mortality from other, non-alcohol-related causes) are taken from figures published by the Office for National Statistics (see S1 Data). Baseline annual gender-and age-specific mortality data for each condition are taken from recent English analyses [32] and apportioned between socioeconomic groups using published evidence on socioeconomic gradients in mortality [33] . All consumption changes are assumed to occur in the first year after intervention, but delays (time lags) between alcohol consumption changes and effects on population-level harm are commonly observed and vary by disease. Lag parameters were taken from a recent systematic review [34] (see table in S1 Appendix, Section 9.1). Maximum intervention effects in the model are reached after 20 y (the longest identified lag time), and all harm results are reported for the 20th year following policy implementation. Mortality results for years 1-19 are reported in S1 Appendix, Section 10.1.
Socioeconomic Position
There are two separate steps in the analysis which use different measures of socioeconomic position. For the model relating price changes to consumption changes, we split the population into income quintiles based on respondents' equivalised household income. This approach reflects that disposable income (rather than socioeconomic group) is considered a key driver of alcohol purchasing. There is, however, reason to believe that differences in socioeconomic group may drive health inequalities more than income. Also, unlike for income, conditionspecific mortality rates stratified by the National Statistics Socio-economic Classification (NS-SEC) are available (see S1 Data), and so we model the effect of alcohol consumption changes on deaths using socioeconomic group as the stratification variable. The HSE contains both income and NS-SEC information for each individual, meaning no mapping between data sources is required and no assumption is made regarding the relationship between these two measures of socioeconomic position.
Sensitivity Analyses
SAPM version 3 is a fully deterministic model that does not produce confidence intervals around its results. This is in large part due to the vast majority of the data sources used in the model not providing estimates of uncertainty. However, we acknowledge the importance of exploring the potential impact of such parameter uncertainty on model results and have previously undertaken extensive scenario analyses to this end. These analyses suggest that our model estimates tend to be conservative and that using alternative assumptions would not change the major conclusions of the model (e.g., [14, 35] ). For the present study we have taken a new approach to characterising uncertainty in our results. Whilst we do not believe a full probabilistic sensitivity analysis (PSA) is feasible, given the lack of parameterisation of uncertainty available in much of the model input data, we have carried out partial PSAs around a number of the key model inputs. For each of 30 PSA model runs, we drew a random nonparametric bootstrap sample from the baseline consumption and purchasing survey datasets. We also sampled the elasticities and tax pass-through parameters from the relevant distributions given in their derivation. Finally, we used the limited available data on uncertainty around published risk functions to estimate a parameterisation of uncertainty around the risk functions used in the model. For each sampled set of model inputs, we ran all four modelled policies. As a further exploration of uncertainty, we used recently published elasticity estimates from Her Majesty's Revenue and Customs in the UK [36] . These estimates were derived using a very different methodology to that of Meng et al. [28] but use the same ten beverage categories. Full details of these sensitivity analyses can be found in S1 Appendix, Section 11.
Results

Baseline Consumption and Spending Patterns
As the four modelled policies target different beverages and different parts of the beverage price distributions, differential impacts of the modelled policies are partly explained by substantial subgroup variation in baseline alcohol consumption, baseline spending, and beverage category preferences (see Table 3 ). For example, minimum unit pricing impacts cheap highstrength alcohol found mainly in the off-trade sector, whereas, in absolute terms, ad valorem taxes affect expensive and on-trade products more.
The relationship between income and mean consumption differs by drinking level. Whilst the proportion of heavy drinkers in the highest income group (6%) is larger than in the lowest income group (4.9%), heavy drinkers in the lowest income quintile have a higher mean consumption than heavy drinkers in the highest income quintile (4,871 versus 3,622 units per year). In contrast, among moderate drinkers, there is a positive relationship between drinking level and income, whereby higher incomes are associated with higher mean consumption.
In terms of spending, the lowest income moderate drinker group spends the least (£228 per year; less than 1% of gross equivalised household income), while heavy drinkers spend the most irrespective of income (approximately £3,000 per year, which is almost 10% of mean gross equivalised income in the lowest income quintile). Low-income heavy drinkers spend a similar amount to high-income heavy drinkers, but consume a third more because they pay substantially less per unit of alcohol (£0.63/unit on average versus £0.81/unit). Income quintiles (from low, Q1, to high, Q5) are calculated based on the total population including abstainers. A higher proportion of those in the lowest income quintile are abstainers than those in the higher income quintiles. lowest income group, purchase very little of the cheapest alcohol. In contrast, both increasing risk and heavy drinkers buy substantially more cheap alcohol than expensive alcohol, and this is partly due to their strong preference for off-trade alcohol (cf. Policy Effects on Alcohol Consumption and Consumer Spending Responses to the different tax policies also vary by income group. Volumetric tax and minimum unit pricing have the steepest income gradients for consumption effects, i.e., larger reductions in low-income groups and smaller reductions in high-income groups. This income gradient for minimum unit pricing and volumetric taxation is steeper for heavy drinkers (in both relative and absolute terms) than for moderate drinkers. A shallower income gradient is seen for an increase of the current tax and ad valorem tax, with little variation in the gradient by consumption group.
In terms of the consumer spending impact across income groups, we estimated that all four policies would produce greater increases in spending on alcohol for higher earners. An increase of the current tax would lead to the highest expenditure increases overall (+3.1% [PSA 2.8% (UI 1.3%, 4.6%)]), with these being largest among heavy drinkers (+3.6% [PSA 3.3% (UI 1.4%, 5.2%)], or £106 per year in absolute terms) and smaller for moderate drinkers (+2.6% [PSA 2.3% (UI 0.8%, 4.2%)], or £8 per year). The ad valorem tax would prompt smaller changes in expenditure (+2.2% overall [PSA 2.0% (UI 1.0%, 3.6%)]), with little subgroup variation. A volumetric tax was estimated to slightly reduce spending overall (−0.8% [PSA −1.5% (UI −4.7%, +1.0%)]), with declines in all but the highest income group. Further analyses show that although the tax on beer and cider would increase under a volumetric tax of £0.22 per unit, the tax on spirits would decrease, and, together with switching behaviour, this leads to an overall reduction in spending. Minimum unit pricing would have a smaller impact on spending than increasing the current tax or adding an ad valorem tax (+1.7% overall [PSA 1.0% (UI −0.9%, +3.0%)]).
Considering consumption and spending together allows examination of how different groups would balance decreasing their consumption versus increasing their spending. For example, under minimum unit pricing, heavy drinkers in the poorest income quintile would reduce their consumption (−7.6% [PSA −9.8% (UI −14.8%, −5.6%)]) while maintaining their Policy Effects on Alcohol-Attributable Mortality Table 5 shows each policy's estimated impact on annual alcohol-related mortality by socioeconomic (occupation) group. As policy "strength" (e.g., the size of the tax increase) is calibrated to result in a modelled 4.3% total alcohol-related mortality reduction, our analysis allows for straightforward examination of differential effects across population groups. The policy impacts on moderate drinkers' deaths per year are small across policies and socioeconomic groups. In contrast, for heavy drinkers, there are large differences in how mortality gains are distributed across socioeconomic groups with different policies. Volumetric tax and minimum unit pricing in particular are estimated to substantially reduce mortality among heavy drinkers in the routine/manual occupation group (current tax increase: −3.2% [PSA −3.6% (UI −6.1%, −0.6%)]; ad valorem tax: −2.9% [PSA −3.3% (UI −5.1%, −1.7%)]; volumetric tax: −6.1% [PSA −7.5% (UI −13.7%, −3.9%)]; minimum unit pricing: −7.8% [PSA −10.3% (UI −16.7%, −7.0%)]). There is also substantial variation in impact in the professional/managerial "Full effects" refers to annual effects in the 20th year following policy implementation.
a Net alcohol-attributable deaths are the sum of excess deaths and prevented deaths attributable to alcohol. In this column, negative numbers indicate that in the absence of alcohol there would be more deaths; positive numbers indicate that without alcohol there would be fewer deaths. Percentage changes in italics represent overall decreases in deaths (they are a reduction from a negative deaths baseline). These results translate to differing impacts on health inequalities. Baseline alcohol-related mortality rates are almost twice as high in the routine/manual occupation group compared to the professional/managerial occupation group. All policies narrow health inequalities, but to varying degrees. Figs 2 and 3 illustrate the estimated policy effects on health inequalities for all drinkers and for heavy drinkers alone. Minimum unit pricing narrows the gap between socioeconomic groups the most, by considerably reducing the mortality rate for heavy drinkers in the routine/manual occupation group and by slightly increasing the mortality rate for individuals in the professional/managerial occupation group. Volumetric taxation similarly achieves large health inequality reductions, whereas increasing the current tax or adding an ad valorem tax has more modest effects on health inequalities.
Sensitivity Analysis
PSA results for policy impacts on alcohol consumption by drinking level group are presented visually in Fig 4. These results display two interesting features. The first is that the central, deterministic estimate of effect is always smaller than the median PSA estimate, particularly for the volumetric taxation and minimum unit pricing policies. This suggests that the central estimates are likely to be conservative and also that values on the more pessimistic (in terms of the scale of achievable effects of tax policies) end of the uncertainty spectrum affect the results by only a small amount, but those on the more optimistic end of the spectrum lead to substantially larger estimates of effect. The second feature is that, across all four modelled policies, the magnitude of the uncertainty in effect differs for heavy drinkers versus moderate and increasing risk drinkers. The magnitude of the uncertainty for moderate and increasing risk drinkers is substantial in comparison to the estimated size of the effect. For heavy drinkers, however, the results show that it is highly likely that minimum unit pricing and volumetric tax would reduce health inequalities more than a rise in current taxation or introduction of an ad valorem tax. The patterns of effects seen in the deterministic results are reflected in the PSA results. In particular, the minimum unit pricing and volumetric tax policies show greater differences between the impacts on moderate drinkers and heavy drinkers than are seen for the current tax increase and ad valorem tax policies. Fig 5 illustrates the PSA results for policy effects on death rates, by socioeconomic group. These results again suggest that the deterministic model estimates above are conservative, particularly for the volumetric taxation and minimum unit pricing policies. Whilst the deterministic model suggests that a volumetric tax or minimum unit pricing would increase deaths in the highest socioeconomic group, the median PSA estimate suggests that deaths would decrease marginally. Also of note is the fact that, while the uncertainty is greatest around these two policies, their impact on deaths in lower socioeconomic groups is clearly greater than that of the current tax increase and ad valorem tax policies. Fig 6-like Figs 2 and 3 for the deterministic results-shows the PSA results for the reduction in the equity gap between the routine/manual and professional/managerial occupation groups. In particular, the marked difference in impact by socioeconomic group for volumetric taxation and, to a greater extent, minimum unit pricing means that the uncertainty around the greater inequality-reducing effect of these policies relative to other options is minimal.
Overall, the PSA results suggest that the impact of uncertainty on model results is substantial, particularly around the point estimates of policy effectiveness, but this uncertainty has few implications for the main conclusions of the analysis. This is because there is considerably less Fig 2. Equity gap in the alcohol-related death rates between those in routine/manual and professional/ managerial occupations: total drinker population. This figure shows the effect of alcohol pricing policies on the gap between alcohol-related death rates for drinkers in the highest and lowest socioeconomic occupation groups. All policies reduce this gap, but volumetric tax and minimum unit pricing ("Minimum Price") have larger effects on the gap than ad valorem tax ("Sales Tax") or increasing the UK's current tax ("Current Tax"). Equity gap in the alcohol-related death rates between those in routine/manual and professional/ managerial occupations: heavy drinkers. This figure shows the effect of alcohol pricing policies on the gap between alcohol-related death rates for heavy drinkers in the highest and lowest socioeconomic occupation groups. All policies reduce this gap, but volumetric tax and minimum unit pricing ("Minimum Price") have larger effects on the gap than ad valorem tax ("Sales Tax") or increasing the UK's current tax ("Current Tax"). Estimated Effects of Alcohol Price Policies on Health Inequalities uncertainty around the relative effectiveness of the four policies, with volumetric taxation and minimum unit pricing consistently outperforming an increase of the current tax and ad valorem taxation, both in terms of specifically targeting the heaviest drinkers and in terms of reducing alcohol-related health inequalities. For example, while the most optimistic estimate of the impact of a rise in current tax exceeds the most pessimistic estimate of the impact of minimum unit pricing, the relative ranking of the policies is largely maintained across the 30 PSA samples. In 26 out of 30 PSA runs, volumetric taxation leads to a greater reduction in deaths in the routine/manual occupation group than an increase in the current tax, while minimum unit pricing exceeds volumetric tax on this outcome in 21 out of 30 model runs and exceeds an increase in the current tax in 30 out of 30 runs. Full PSA results are presented in S1 Appendix, Section 12.
Results for the additional deterministic sensitivity analysis using alternative elasticities derived by Her Majesty's Revenue and Customs are presented in the table in S1 Appendix, Section 11.3, and show that using this alternative input makes little difference to the overall conclusions. Overall reductions in consumption are, however, estimated to be somewhat greater for all policies, particularly for minimum unit pricing.
Discussion
To our knowledge, this study is the first to estimate how four key alcohol taxation and price control systems compare in their targeting of key population subgroups and reducing health disparities between socioeconomic groups. While all policies were estimated to reduce health inequalities because drinking is associated with substantially higher absolute health risks in lower socioeconomic groups than in higher socioeconomic groups [37] , the scale of the Estimated Effects of Alcohol Price Policies on Health Inequalities inequality reduction varied across the policies. A £0.50 minimum unit price and a £0.22 per unit volumetric tax were estimated to reduce inequalities the most because heavy drinkers in lower socioeconomic groups buy proportionately more of the cheap alcohol most affected by these policies. Estimated impacts on health inequalities were smaller for a 4.0% alcohol ad valorem tax and a 13.4% current duty increase as price increases were more evenly distributed across the alcohol consumed by different socioeconomic groups.
Our study incorporates evidence of differential pass through of alcohol taxes across products and prices [26] and builds on our previous modelling of the equity implications of minimum unit pricing [14] by incorporating an improved model of the relationship between mean weekly alcohol consumption and occasion-specific drinking [6] . Study limitations include reducing model complexity by not considering a newly introduced but largely ineffective ban on below-tax alcohol sales [29] , low-and high-strength duty rates covering small shares of the market [24] , and the impact of tax fraud or retailer non-compliance with minimum unit prices. Whilst the operation of many tax avoidance schemes might be similar for the three tax policies (illicit production and trade, counterfeit labels, exploitation of EU tax rules, and use of false importation documents), it is possible that the scale of tax avoidance might vary between policies given the different revenue implications [38, 39] . For minimum unit pricing, where the additional revenue from increased prices stays with the retailer, this policy non-compliance may be less of a problem but will require monitoring. No data currently exist that would allow us to derive assumptions on likely effects. Further, for beverage categories not currently taxed by their ethanol content (wine and cider), we assumed the alcoholic strength estimated from market research. A further limitation of the cohort-based harm modelling approach used in SAPM is that of "mortality selection" [40] , although this is likely to be only a minor source of error in the results presented (see S1 Appendix, Section 9.7, for more details). Moreover, whilst considering population heterogeneity is key to understanding policy effects [41] , the resulting level of disaggregation in the model means that some subgroups are represented by small numbers of HSE respondents and thus are subject to higher levels of uncertainty in terms of model outcomes. The effects of this are examined through the use of nonparametric bootstrapping in the PSA. The bootstrap method is the appropriate approach to take here as its use means that those subgroups with smaller sample sizes will have greater variance across samples in consumption levels and consequently alcohol-related deaths than subgroups with larger numbers within the HSE. The partial PSA presented here represents the most comprehensive evaluation to date of uncertainty in the outputs of SAPM, although, being partial, it does not account for either the full uncertainty across all parameters or the full intercorrelation of these uncertainties. An important avenue of future research in the development of complex models should be the development of robust methods to quantify uncertainty in parameters for which no published uncertainty data exist and, crucially, to estimate the correlation structure between potentially thousands of input parameters (as is the case for SAPM). Additional limitations typical to alcohol research apply, including the uncertainty about the size and distribution of cardio-protective effects of alcohol. No adjustment was made for the under-coverage of self-reported alcohol consumption relative to sales data [42] because most of the risk functions used in the model are also derived from survey data likely to suffer from similar under-coverage. Further epidemiological work should be a key focus of future research in order to facilitate a greater understanding of the impact of undercoverage on policy analyses. There are several implications for national and international policymakers to consider. The results demonstrate that minimum unit pricing and volumetric taxation can target consumption and harm reductions in economically disadvantaged heavy drinkers in a way that duty increases under the current UK tax system cannot. For harmful drinkers only, both policies could be considered "regressive" with regard to consumption and spending, with a potentially associated loss of consumer satisfaction. However, the trade-off is that both policies are progressive with regard to the resulting health gains, which are concentrated in disadvantaged groups of harmful drinkers. These disadvantaged drinkers are at greater risk of health harm from high alcohol consumption than more advantaged counterparts consuming similar amounts [37] . Thus, minimum unit pricing and volumetric taxation would reduce health inequalities, precisely target those at greatest risk of harm, and avoid unnecessarily penalising those with low incomes who drink in moderation.
Minimum unit pricing is under consideration in several EU countries. Its legality under European Union law depends in part on its ability to achieve additional advantages or fewer disadvantages for public health and free trade compared to existing policy options, particularly tax increases under the current system (volumetric taxation is not currently possible in the EU as taxation of wine and cider by ethanol content is prohibited). This study suggests that, compared to a commensurate increase in existing alcohol taxes, minimum unit pricing is more targeted to the population at greatest risk of harm (i.e., disadvantaged heavy drinkers) and is thus more effective in reducing health inequalities, a key public health goal. Applying a larger tax increase could achieve a similar mortality reduction among disadvantaged heavy drinkers without similar reductions in health inequalities; however, given that UK alcohol taxes are already higher than in many comparable European countries, it is unclear whether an increased tax would be viewed as being even more disadvantageous to free trade than minimum unit pricing. Although a European court case was brought against the attempts by Austria, France, and Ireland to introduce minimum retail prices for tobacco in 2010, at that time there was limited evidence regarding the likely effects of minimum pricing on tobacco consumption, harm, and the distribution of harm reductions, or regarding differential undershifting of tax, such that cheap products are less affected by tax rise. At the time, the court concluded that public health objectives could be achieved by duty rises in combination with bans of below-cost selling (cost price plus all taxes) [43] . The current judgment may set legal precedent not just for minimum pricing for alcohol, but also for potential future policies relating to other commodities such as sugar and fat.
Although our analyses use a UK baseline, the findings have international relevance beyond their implications for European Union health law. The modelled taxation policies represent the predominant alcohol taxation structures globally, and almost every developed country in the world implements one of, or a mixture of, these policies [11] . While baseline patterns of drinking, beverage preferences, and mortality data are UK-specific, there is comparable evidence internationally that disadvantaged drinkers incur more harm for the same pattern of consumption [37] and that heavy drinkers disproportionately purchase lower priced products [44] . The implied overall elasticities used in the model are in line with meta-analytic estimates [7] . As lower priced products are targeted by minimum pricing and volumetric taxation, the general conclusions are expected to transfer to other countries. However, exact reductions in mortality and inequalities would vary, and it would be desirable to replicate our analyses for other countries. Future work should also address the likely effect of price policy combinations (such as tax rises plus minimum unit pricing, or VAT plus volumetric taxation).
There have been a number of international efforts to produce alcohol policy analysis models similar to SAPM [39, 45] , although these have lacked either the structural detail (e.g., the subgroup analyses and broad range of outcomes presented here) or the robust underlying data sources available in the UK. In order to internationalise our analyses, we have previously adapted SAPM to each of the four UK countries, Ireland, and Canada and, as part of this process, replaced English data with the best available local data where feasible [46] [47] [48] [49] [50] . These models have proved useful in policy debate, but repetition of this process for each country interested in, and requiring evidence on, minimum unit pricing would be inefficient. A means of adjusting policy effectiveness estimates to account for national variations in key parameters is required. We have previously addressed this problem using a "meta-modelling" approach when appraising variation in the cost-effectiveness of identification and brief advice policies aiming to reduce alcohol consumption in four European countries [51] . This meta-modelling used a regression approach to describe key model outputs as a function of national-level variables (e.g., baseline alcohol consumption, baseline levels of alcohol-attributable harm). This regression can then be used to appraise policies across a wider set of countries. A similar metamodel could potentially be constructed for alcohol pricing policies, although a key prerequisite would be sufficient data availability on key parameters (e.g., baseline alcohol consumption, spending, and alcohol-related harms) to permit construction of a heterogeneous set of national models on which the regression model could be based. To this end, international standardisation of relevant data would facilitate cross-national health policy analysis.
In conclusion, policy-induced price increases would lead to decreases in consumption and alcohol-related harm. There are, however, important differences in how well different policy options would target those who are most at risk of harm from their drinking. If achieving reductions in health inequalities is a priority, then the two policy options that target cheap, high-strength alcohol-minimum unit pricing and volumetric taxation-outperform ad valorem taxation and increasing the current UK tax. Importantly, unlike other tax options, these two policies target harmful drinking without at the same time targeting those in poorer population groups who do not engage in harmful drinking behaviour. for the integrity of the data and the accuracy of the data analysis: CA AKA. All authors have read, and confirm that they meet, the ICMJE criteria for authorship.
Supporting Information
Editors' Summary
Background People have drunk alcoholic beverages throughout history. However, harmful alcohol consumption is currently responsible for around 2.7 million deaths every year and is a leading risk factor worldwide for heart disease, liver disease, and many other health problems. It also affects the well-being and health of people around those who drink, both within the household and through alcohol-related crime and road traffic crashes. As with most products, the price of alcohol influences how much people buy and consume. Alcohol affordability is an important driver of alcohol consumption, and in many countries, including the UK and US, alcohol prices have not kept pace with inflation and rising incomes. Alcohol taxes have the dual function of raising revenues and regulating alcohol prices. Different countries employ different alcohol-specific taxation structures including taxation by beverage volume, by value, or by alcohol content. Some countries also have additional price control measures that prevent the sale of very cheap alcohol.
Why Was This Study Done?
Although research shows that increases in the price of alcohol brought about by taxation or other pricing policies reduce alcohol consumption and alcohol-related harm, little is known about how alternative tax and price policy options affect the scale and distribution of alcohol-related health impacts across society. This is important because people with lower social status and/or income are disproportionately affected by alcohol-related disease. An effective public health policy to reduce alcohol harm might, therefore, help to reduce social disparities in health (health inequality), a major goal of population health policies in affluent countries.
What Did the Researchers Do and Find?
Here, the researchers use the Sheffield Alcohol Policy Model (SAPM) to investigate the effects of four common alcohol taxation and price policies on health inequalities in England during 2014/2015. SAPM is a deterministic mathematical simulation model that estimates how price changes affect individual-level alcohol consumption and how consumption changes affect the illnesses (morbidity), deaths (mortality), and economic costs associated with 43 alcohol-attributable conditions. The researchers used SAPM to simulate the effect of increasing the existing UK duty on all alcohol products by 13.4% (current tax increase), introducing a 4% tax based on product price (value-based, or ad valorem, taxation), introducing a tax of £0.22 per alcohol unit (strength-based, or volumetric, taxation), or setting a minimum price threshold of £0.50 per alcohol unit (minimum unit pricing). The magnitudes of the different policy-induced price increases modeled were chosen to result in the same overall population-wide 4.3% decrease in alcohol-related mortality. Notably, the impacts of policy changes on moderate drinkers were small, regardless of income/socioeconomic group. However, among heavy drinkers, the effects of the four policies were differentially distributed across the population. Among heavy drinkers in the lowest socioeconomic group (the population group at greatest risk of harm from alcohol use), the estimated effects on mortality rates were −3.2% for the current tax increase (that is, it reduced alcohol-related deaths by 3.2%), −2.9% for value-based taxation, −6.1% for strength-based taxation, and −7.8% for minimum unit pricing. Among heavy drinkers in the highest socioeconomic group, the corresponding effects on mortality rates were −1.3%, −1.4%, +0.2%, and +0.8%.
What Do These Findings Mean?
As with any policy modelling, the accuracy of these findings depends on the evidence base, the quality of the data incorporated into the model, and the assumptions used. Limitations to the analysis here include that, due to an absence of evidence, the researchers have not examined the impact of any tax avoidance, which could potentially vary between the policies. The study findings suggest that in England (and probably in other countries) the introduction of strength-based taxation or minimum unit pricing would lead to larger reductions in health inequalities among heavy drinkers than an increase in the current tax rate or the introduction of value-based taxation. That is, the two policy options that target cheap, high-strength alcohol are likely to outperform value-based taxation and increasing the current UK tax in terms of reducing health inequalities. Thus, although these policies might be considered "regressive" (i.e., affecting the poor more than the rich) in terms of consumption and spending, they are at the same time "progressive" in that they reduce health inequalities. Finally, these findings suggest that minimum unit pricing and strength-based taxation, unlike the other two options tested, would target harmful drinking without unnecessarily penalizing people with low incomes who drink moderate amounts of alcohol.
Additional Information
This list of resources contains links that can be accessed when viewing the PDF on a device or via the online version of the article at http://dx.doi.org/10.1371/journal.pmed.1001963.
• The World Health Organization provides detailed information about alcohol, including a fact sheet on the harmful use of alcohol; its Global Status Report on Alcohol and Health 2014 provides country information on the impact of alcohol use on health and policy responses; its Global Strategy to Reduce Harmful Use of Alcohol includes information on pricing policies; the Global Information System on Alcohol and Health provides further information about alcohol control policies
• The US National Institute on Alcohol Abuse and Alcoholism has information about alcohol and its effects on health; it provides interactive worksheets to help people evaluate their drinking and decide whether and how to make a change
• The US Centers for Disease Control and Prevention provides information on alcohol and public health and a fact sheet on preventing excessive alcohol use
• The UK National Health Service Choices website provides detailed information about drinking and alcohol, including information on the risks of drinking too much, tools for calculating alcohol consumption, and personal stories
• EuroCare is an alliance of non-governmental public health and social organizations working on the prevention and reduction of alcohol-related harm in Europe; it provides information about alcohol taxation in the European Union
• The UK Institute of Alcohol Studies advocates for the use of scientific evidence in policymaking to reduce alcohol-related harm and produces easily accessible briefings on alcohol policy issues
• MedlinePlus provides links to many other resources on alcohol
• Information about the Sheffield Alcohol Policy Model is available
• The UK Chief Medical Officers' proposed new alcohol guidelines are available
